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This writeup summarizes the status of neutrino oscillations, including recent fluxes and experimental data, as 
of summer 2006. A discussion is given on the current status of absolute scale of neutrino mass from tritium, 0uf3/3 
and cosmological observations, as well as the prospects for the next generation of experiments, including lepton 
flavour violation searches, and their theoretical significance. 



1. Intoduction 

With almost 30 plenary talks and 70 parallel 
session talks the task of summarizing all of them 
all into a single talk is an impossible mission. I 
will try instead simply to highlight some aspects 
of the talks that touched my own prejudices. 

The progress in the physics of neutrino oscilla- 
tions in the last few years has been truly remark- 
able. Oscillations are now established, implying 
that neutrinos have masses, as first suggested by 
theorists in the early eighties, both on general 
grounds |1I2) and on the basis of various versions 
of the seesaw mechanism [3] . This is a profound 
discovery that marks the beginning of a new age 
in neutrino physics. 

A gold rush towards precision results has been 
initiated, whose aim is to probe #13, to study lep- 
tonic CP violation and determine the nature of 
neutrinos. Hopefully this will shed light on the 
ultimate origin the universe and certainly that of 
neutrino mass. 

2. Data 

Thanks to the accumulation of events over a 
wide range of energy, and to the measurement 
of the dip in the L/E (neutrino flight length L 
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over neutrino energy E) distribution of the muon 
neutrino disappearance probability, the interpre- 
tation of the atmospheric data has finally turned 
into an unambiguous signal of v T oscilla- 

tions, marking the beginning of a new era. 

The interpretation of solar data per se is still 
ambiguous, with viable alternative explanations 
involving spin flavour precession [415] or non- 
standard neutrino interactions [6j. Results on 
(or relevant to) solar neutrinos were presented 
here by Broggini, Maneira, Pulido, Raghavan, 
Ranucci, Serenelli and Smy. Reactor neutrino 
data from KamLAND not only confirm the so- 
lar neutrino deficit but also observe the spectrum 
distortion as expected for oscillations. Reactors 
have played an important role in establishing the 
robustness of the neutrino flavor oscillation in- 
terpretation vis a vis the existence of solar den- 
sity fluctuations [7] in the solar radiative zone as 
produced by random magnetic fields [8] , and also 
with respect to the effect of convective zone mag- 
netic fields, should neutrinos posses nonzero neu- 
trino transition magnetic moments [9j. Within 
the oscillation picture KamLAND has also identi- 
fied large mixing angle oscillation as its "unique" 
solution, "solving" , in a sense, the solar neutrino 
problem. Note however that the interpretation of 
solar data vis a vis neutrino non-standard inter- 
actions [TU] is not yet so robust. 

A lot more is to come from the upcoming re- 
actor experiments starting with Double-Chooz, 
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and a new series of proposed experiments such as 
Daya-bay, RENO, Kaska, Angra, nicely reviewed 
in the talk by Cabrera. 

Accelerators K2K & MINOS confirm the atmo- 
spheric neutrino deficit as well as a distortion of 
the energy spectrum consistent with the oscilla- 
tion hypothesis. More is to come from MINOS 
and the upcoming experiments CNGS/OPERA, 
T2K, NOVA, as reported here by Gugliemi, Ka- 
jita, Kato, Kopp, Rebel, Sioli, and others. 

3. Oscillation parameters 

The basic tool to interpret neutrino data is the 
lepton mixing matrix, whose simplest unitary 3- 
dimensional form is given as a product of effec- 
tively complex 2x2 matrices [5] 

K = (1) 

where each factor is given as 

/ c 13 e**" Sl3 \ 

wis = 1 , (2) 

V -e-^sia cia / 

in the most convenient ordering chosen in the 
PDG [TT] (here = cos6>y and s y - = sin%). 
The two Majorana phases associated to 12 and 
23 can be eliminated insofar as neutrino oscilla- 
tions are concerned, since they only affect lepton- 
number violating processes, like Qvf3(3 . Thus one 
can take the 12 and 23 factors as real, W23 — > ^23 
and u>\2 — > Vyx- There is then a unique CP phase 
$13, analogous to the KM phase S of quarks, that 
will be studied in future oscillation experiments, 
such as T2K and NOVA. Currently, however, os- 
cillations have no sensitivity to this phase and we 
will neglect it in the analysis of current data. 

In such approximation oscillations de- 
pend on the three mixing parameters 
sin 2 812, sin 2 #23, sin 2 #13 and on the two mass- 
squared splittings Am 2 0L = Am^ = m| — m\ 
and Am 2 TM = Am 2 ^ = m§ — m 2 characteriz- 
ing solar and atmospheric neutrinos. The fact 
that Am 2 OL <C Am 2 TM implies that one can set 
Am 2 OL — > in the analysis of atmospheric and 



accelerator data, and Am 2 TM to infinity in the 
analysis of solar and reactor data. 

3.1. Present status 

The current three-neutrino oscillation param- 
eters are summarized in Fig. [JJ Equivalent re- 
sults by the Bari group are in excellent agree- 
ment with those reported here, both pre [12] and 
post-MINOS [13] . The analysis employs the lat- 
est Standard Solar Model [2] which we heard 
here in the talk by Serenelli, and includes all 
new neutrino oscillation data from SNO salt [T3] , 
K2K [16] and MINOS [17], described in Appendix 
C of |hep-ph/0405l72l (v5) [TS] EL 

The upper panels of the figure show A% 2 
as a function of the three mixing parameters 
sin 2 0i2, sin 2 #23, sin 2 #13 and two mass squared 
splittings AnjjijAmjj, minimized with respect 
to the undisplayed parameters. The lower panels 
give two-dimensional projections of the allowed 
regions in five-dimensional parameter space. In 
addition to a confirmation of oscillations with 
Am 2 TM , accelerator neutrinos provide a better de- 
termination of Am 2 TM as one can see by compar- 
ing dashed and solid lines in Fig. [T] The recent 
MINOS data [T7] lead to an improved determi- 
nation and a slight increase in Am 2 TM . As al- 
ready mentioned, reactors |23j have played a cru- 
cial role in selecting large- mixing- angle (LMA) 
oscillations [23] out of the previous "zoo" of pos- 
sible solar neutrino oscillation solutions |25l26j . 
Table [1] gives the current best fit values and al- 
lowed 3cr ranges of oscillation parameters. 

Note that CP violation disappears in a three- 
neutrino scheme when two neutrinos become de- 
generate or when one of the angles vanishes [27 . 
As a result CP violation is doubly suppressed, 
first by a = Am 2 OL /Am 2 TM and also by the small 
value of ^13. The left panel in Fig. Ogives the 
parameter a, while the right panel shows the im- 
pact of different data samples on constraining #13. 



2 In addition to good calculations of the neutrino 
fluxes 1191201 . cross sections and response functions, we 
need an accurate description of neutrino propagation in 
the Sun and the Earth, including matter effects 12 1 1221 . 
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Figure 1. Current 90%, 95%, 99%, and 3a C.L. 
neutrino oscillation regions for 2 d.o.f. as of sum- 
mer 2006, from [18]. In top panels A% 2 is mini- 
mized with respect to undisplayed parameters. 



One sees that for larger Am 2 TM values the bound 
on sin 2 #13 is dominated by CHOOZ, while for 
low Ato 2 tm the solar and KamLAND data be- 
come quite relevant. 

3.2. Robustness 

Reactor neutrino data have played a crucial 
role in testing the robustness of solar oscillations 
vis a vis astrophysical uncertainties, such as mag- 
netic fields in the radiative |7I8) and convective 
zone [51614) . leading to stringent limits on neu- 
trino magnetic transition moments [5]. Kam- 
LAND has also played a key role in identifying 
oscillations as "the" solution to the solar neutrino 
problem [24] and also in pinning down the LMA 
parameter region among previous wide range of 
oscillation solutions [25I26J . 

However, there is still some fragility in the in- 
terpretation of the data in the presence of sub- 
weak strength (~ eGf) non-standard neutrino 
interactions (NSI) (Fig. [3]). Indeed, most neu- 



parameter 


best fit 


3<T range 


Amli [10~ 5 eV 2 } 


7.9 


7.1-8.9 


Am§ x [10~ 3 eV 2 ] 


2.6 


2.0-3.2 


sin 2 612 


0.30 


0.24-0.40 


sin 2 023 


0.50 


0.34-0.68 


sin 2 0i3 


0.00 


< 0.040 



Table 1 

Neutrino oscillation parameters as of Summer 
2006, from Ref. [IS]. 
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Figure 2. a = Am 2 OL /Am 2 TM and sin 2 i3 bound 
from the updated analysis given in Ref. [18 . 



trino mass generation mechanisms imply the ex- 
istence of such dimension-6 operators. They can 
be of two types: flavour-changing (FC) and non- 
universal (NU). Their presence leads to the possi- 
bility of resonant neutrino conversions even in the 
absence of neutrino masses [28]. While model- 
dependent, the expected NSI magnitudes may 
well fall within the range that will be tested in 
future precision studies [33]. For example, in the 
inverse seesaw model [30] the non-unitary piece of 
the lepton mixing matrix can be sizeable, hence 
the induced non-standard interactions. Rela- 
tively sizeable NSI strengths may also be induced 
in supersymmetric unified models |31) and models 
with radiatively induced neutrino masses [32|33| . 

The determination of atmospheric neutrino pa- 
rameters Am 2 TM and sin 9 atm is hardly affected 
by the presence of NSI on down-type quarks 34 . 
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Figure 3. Non-standard neutrino interactions 
arise, e. g., from the non- unitary structure of 
charged current weak interactions characterizing 
seesaw- type schemes [2]. 
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In contrast, the determination of solar neutrino 
parameters is not quite robust against the ex- 
istence of NSI [TU], even if reactor data are in- 
cluded. The issue can only be resolved by future 
low and intermediate energy solar neutrino data 
mentioned by Raghavan, with enough precision to 
sort out the detailed profile of the solar neutrino 
conversion probability. 

3.3. Future prospects 

Upcoming reactor and accelerator long base- 
line experiments aim at improving the sensitivity 
on sin 2 9i 3 [33] . The value of $13 is a key in- 
put and the start of an ambitious long-term ef- 
fort towards probing CP violation in neutrino os- 
cillations [35 36 37 . Prospects of accelerator and 
reactor neutrino oscillation experiments for the 
coming years have been extensively discussed in 
the literature and there have been several talks 
at this conference, for example those of Declais, 
Hubcr, Kajita, Kato, Kopp, Lindner, Nunokawa 
and Schwetz. Here I simply illustrate in Fig.|3]the 
anticipated evolution of the #13 discovery reach 
for the global neutrino program, see details in 
Ref. [3S]. 

One important comment is that even a small 
residual non-standard interaction in this "solar" 
(e-tau) channel has dramatic consequences for the 
sensitivity loss for #13 at a neutrino factory [39] . 
To make these experiments meaningful it is a 



Figure 4. The hunt for #13: artist's view of antic- 
ipated sensitivities on #13 given in Ref. [38] . 



must to have a near detector capable of sorting 
out for NSI with high sensitivity. 

In contrast, future neutrino factories will probe 
flavor changing non-standard neutrino-matter in- 
teractions in the "atmospheric" (mu-tau) channel 
with sensitities which are substantially improved 
with respect to current ones [40]. For example, a 
100 GcV NUFACT can probe these at the level 
of |e| < few x 10~ 4 at 99 % C.L. 

Improving the sensitivities on NSI constitutes 
at a near detector is a necessary pre-requisit. In 
short, probing for NSI is an important item and 
a window of opportunity for neutrino physics in 
the precision age. 

To close this section let me mention that 
day /night effect studies in large water Cerenkov 
solar neutrino experiments such as UNO, Hyper- 
K or LENA has also been suggested as an alter- 
native way to probe #13 [41) . 

4. Lepton flavour violation 

The discovery of neutrino oscillations demon- 
strates that lepton flavour conservation is not a 
fundamental symmetry of nature. It is therefore 
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natural to expect that it may show up elsewhere, 
for example fi — > e7 or nuclear /i~ — e~ conver- 
sion, as seen in Fig. [5J Indeed, in seesaw-type 



I | e - /r ^e- 




(a) (b) 



Figure 5. Contributions to the nuclear /i~ — 
e~ conversion: (a) long-distance and (b) short- 
distance. For numerical results see Ref. [30142] 



schemes of neutrino mass, lepton flavour viola- 
tion is induced either from neutral heavy lepton 
exchange [43144) as discussed here by Vogel, or 
through the exchange of charginos (neutralinos) 
and sneutrinos (charged sleptons) as discussed 
here by Masiero 45 46 4 7148) (see top panel in 
Fig. [5]). As illustrated in Fig. [5] the rates for both 
processes can be sizeable and fall within the sensi- 
tivity of upcoming experiments. The calculation 
in Fig.|5]is performed in the framework of the gen- 
eralized supersymmetric seesaw model of Ref. [30 
to where I address you if you wish to understand 
the interplay of neutral heavy lepton and su- 
persymmetric contributions. If the neutral heavy 
leptons are in the TeV range (a situation not re- 
alizable in the minimal seesaw mechanism), the 
i?r(/i — > ey) rate can be enhanced even in the ab- 
sence of supersymmetry. In this case the neutral 
heavy leptons that mediate lepton flavour viola- 
tion may be directly produced at accelerators [H5] . 

Fig. [6] also illustrates the correlation between 
nuclear — e~ conversion and fj,~~ — > e~7 decay 




10 -16 1() -15 10 -14 1Q -13 1Q -12 10 -11 1() -10 

Br(// -> ey) 

Figure 6. Supersymmetric Feynman diagrams for 
lepton flavour violation and correlation between 
mu-e conversion and Br(fJ, — > e~f) in the super- 
symmetric inverse seesaw model of Ref. |30j . 



in the inverse seesaw model for the nuclei Au, 
Ti, Al. The shaded area and vertical line denote 
the current bound and future sensitivity (PSI) 
on Br(fi — > &y), respectively. The horizontal 
lines denote the current bound (Au/SINDRUM 
II) and expected future sensitivities (Al/MECO, 
Ti/PRISM) on R(fi~ N -> eN). More details in 
Ref. g2]. 

Note also that since lepton flavour violation 
and CP violation can occur in the massless 
neutrino limit, hence the allowed rates need 
not be suppressed by the smallness of neutrino 
masses |43l44l50l51) . 

5. Absolute scale of neutrino mass 

Neutrino oscillations are insensitive to absolute 
masses and can not probe whether neutrinos are 
Dirac or Majorana. Current data can not de- 
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termine whether the spectrum is normal or in- 
verted, as illustrated in Fig. [71 To settle the is- 
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Figure 8. Neutrinoless double beta decay and Ma- 
jorana mass are equivalent [57] . 



Figure 7. Which spectrum? 

sue one needs kinematical tests, such as beta de- 
cay studies [52], as discussed here by Sisti and 
Weinheimer. The upcoming high precision neu- 
trino mass experiment KATRIN scales up both 
the size & source intensity, aiming at a sensitiv- 
ity one order of better than that of the current 
Mainz-Troitsk experiments. 

Neutrinoless double beta decay and other lep- 
ton number violation processes, such as neu- 
trino transition electromagnetic moments 53 54 
[55 55) can probe the basic nature of neutrinos. 

The significance of neutrinoless double beta de- 
cay stems from the fact that, in a gauge the- 
ory, irrespective of the mechanism that induces 
0vf3f3 , it necessarily implies a Majorana neutrino 
mass [ST], as illustrated in Fig. [5] Thus it is 
a basic issue. Quantitative implications of the 
"black-box" argument are model-dependent, but 
the theorem itself holds in any "natural" gauge 
theory. 

Now that oscillations are experimentally con- 
firmed we know that Qv(3(3 must be induced by 
the exchange of light Majorana neutrinos, the 
so-called " mass-mechanism" . The Qv(3j3 ampli- 
tude depends on the 3 masses, 2 mixing angles, 
and 2 CP phases. Hence it involves the abso- 
lute scale of neutrino mass, as well as the Ma- 
jorana phase [2], neither of which can be probed 



in oscillations [58|59|60] , The phenomenological 
situation was described here by Avignone, Bet- 
tini, Fiorini, Pavan, Simkovik, Vala and Vogel. 
It clearly distinguishes between normal and in- 
verted hierarchical spectra, as seen in Fig. [9] in 
the former hierarchy case there is in general no 
lower bound on the rate, since there can be 

a destructive interference amongst the neutrino 
amplitudes. In contrast, the inverted neutrino 
mass hierarchy implies a "lower" bound for the 
0vf3f3 amplitude. The best current limit on (m„) 
comes from the Heidelberg-Moscow experiment. 
The current claim [52] (see also Ref. [S3]) and the 
sensitivities of the upcoming experiments are in- 
dicated in the compilation, courtesy of Simkovik, 
displayed in Fig. O It shows the estimated aver- 
age mass parameter characterizing the neutrino 
exchange contribution to Qv(3f3 versus the light- 
est and heaviest neutrino masses. The calculation 
takes into account the current neutrino oscillation 
parameters in [18j and state-of-the-art nuclear 
matrix elements [51]. The upper (lower) panel 
corresponds to the cases of normal (inverted) neu- 
trino mass spectra. In these plots the "diagonals" 
correspond to the case of quasi-degenerate neutri- 
nos [52] [55] [55J. 

We now give two examples of model Qv(3(3 ex- 
pectations. First, Ref. [57] proposes a specific 
normal hierarchy model for which a lower bound 
on 0^/3/3 can be placed, as a function of the value 
of the Majorana violating phase 0i, as indicated 
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Figure 9. 0v(3f3 amplitude versus current oscilla- 
tion data, from Ref. [61j . 



in Fig. [TOl Second, the A4 model [64] gives a 
lower bound on the absolute Majorana neutrino 
mass m v > 0.3 eV and may therefore be tested in 
0^/3/3 searches. 

The absolute scale of neutrino masses will be 
tested by its effect on the cosmic microwave back- 
ground and the large scale structure of the Uni- 
verse, as discussed here by Elgaroy, Palazzo, Pas- 
tor and Viel [68169113] . and illustrated in Fig.lTTl 

6. Neutrinos as probes 

Not only neutrino properties can be probed 
via cosmology and astrophysics, but also, once 




'• 1 0.2 0.4 0.6 0.8 1 
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Figure 10. Lower bound on | (m ee ) |/Am^ TM vs 
|cos(0i)| where (j>i is a Majorana phase. The lines 
in dark (red) and grey (green) correspond to nor- 
mal and inverse hierarchy. Model of Ref. [67] . 
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Figure 11. Sensitivity of cosmology to neutrino 
mass, see Ref. [68 . 



well-determined, they can be used as astro-probes 
(Sun, Supernovae, pulsars, etc), cosmo-probes 
even geo-probes. Here there were many related 
talks by Elgaroy, Mangano, Pastor, Villante, and 
Viel. Neutrinos affect nucleosynthesis, large scale 
structure, the CMB and possibly the generation 
of the matter anti-matter asymmetry. 

Like photons, cosmic rays and gravitational 
waves, neutrinos are one of the basic messengers 
of the Big Bang capable of probing early stages 
of its evolution. In the leptogenesis scenarios 
(discussed here by Akhmedov, di Bari, Ma and 
Petcov) neutrinos could probe the Universe even 



down to epochs prior to the electroweak phase 
transition. 

Neutrinos are also basic probes is astrophysics. 
Having only weak interactions, they are ideal to 
monitor the interior of stars, such as the the Sun. 

Supernova neutrinos were discussed by Cardall, 
Fleurot, Lunardini and Vagins. The measure- 
ment of a large number of neutrinos from a fu- 
ture galactic supernova neutrino signal will give 
us important information on supernova parame- 
ters. Here I give a simplified plot (small #13 ap- 
proximation) taken from Ref. [70] as an illustra- 
tion of the potential to probe astrophysics from a 
precise knowledge of neutrino properties. 




Figure 12. Improved supernova parameter deter- 
mination attainable from the neutrino signal from 
10 kpc galactic supernova within future neutrino 
telescopes Hyper-K versus Super-K. 



Let me also mention that new effects in 
neutrino conversions at the core of supernovae 
(neutron-rich regime) are expected when neu- 
trinos have non-standard interactions |28)71|72] . 
These could induce new inner resonant conver- 
sions, over and above those that arise from oscil- 
lations. 

Before closing this section, let me mention that 
neutrinos are ideal probes of the high energy Uni- 
verse, discussed here by Billoir, Karle, Flaminio, 
Stanev and Sigl. For example, one expects high 
energy neutrinos from AGNs and GRBs. Typi- 



cally the accelerated primaries make pions, lead- 
ing to comparable fluxes of neutrinos and gammas 
due to isospin. In contrast to gamma-rays, the 
neutrino spectrum is essentially unmodified. One 
set of observables to monitor are the flavor ratios, 
which are sensitive both to neutrino oscillations 
as well as neutrino non-standard interactions. 

Here I give a very useful roadmap-plot pre- 
sented by Sigl (see his talk at these proceedings 
for details). This plot makes extrapolations as 
to what high energy neutrino fluxes could be on 
the basis of the gamma-flux constraints (e. g. by 
EGRET) at lower energies. 




E (eV) 

Figure 13. Sigl's map to high energy astrophysics. 



7. Origin of neutrino mass 

This is one of the most well-kept secrets of na- 
ture. Gauge theories prefer Majorana neutrinos 
(see historical talk by Esposito) |1I2| irrespective 
the detailed mechanism of neutrino mass gener- 
ation. While possible, the emergence of Dirac 
neutrinos would constitute a surprise, indicating 
the existence of an accidental lepton number sym- 
metry whose fundamental origin should be un- 
derstood. There are some ideas for generating 
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light Dirac neutrinos. For example, theories in- 
volving large extra dimensions offer a novel sce- 
nario to account for small Dirac neutrino masses. 
Within this picture, right-handed neutrinos prop- 
agate in the bulk, while left-handed neutrinos, be- 
ing a part of the lepton doublet, live only on the 
Standard Model (SM) branes. In this picture neu- 
trinos get naturally small Dirac masses via mixing 
with a bulk fcrmion. 

However neutrinos are more likely Majorana. 

In contrast to SM charged fermions, neutrinos 
do not get masses after the electroweak symme- 
try breaks through by the nonzero vacuum ex- 
pectation value (vev) of the Higgs scalar dou- 
blet, since they come in just one chiral species. 
There is, however, an effective lepton number vi- 
olating dimension-five operator LL$$ (where L 
denotes any of the lepton doublets and $ the 
Higgs) which can be added to the SM pQ. After 
the Higgs mechanism this operator induces Ma- 
jorana neutrino masses, thus providing a natural 
way to account for their smallness, irrespective of 
their specific origin. Little more can be said from 
first principles about the mechanism giving rise 
to this operator, its associated mass scale or its 
flavour structure. Its strength may be suppressed 
by a large scale in the denominator (top-down) 
scenario, as in seesaw schemes [3]. Alternatively, 
the strength may be suppressed by small parame- 
ters (e.g. scales, Yukawa couplings) and/or loop- 
factors (bottom-up scenario) with no need for a 
large scale, as also reviewed in Ref. [3]. 
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